Microstructure of (Nd, Eu, Gd)Ba 2 Cu 3 O 7−␦ (NEG-123) samples with (Nd, Eu, Gd) 2 BaCuO 5 (NEG-211) particles were observed by transmission electron microscopy. High-resolution electron microscopy observation demonstrated that the density of microstructural defects was small around the NEG-211 secondary phase particles. Furthermore, the 123/211 interfaces were found to be very clean and sharp. Chemical compositional analysis of the submicron secondary phase particles revealed that these fine particles are not composed of NEG-211 but Eu 2 BaCuO 5 (Eu-211) or Gd 2 BaCuO 5 (Gd-211).
I. INTRODUCTION
The oxygen-controlled melt-growth (OCMG) process has received a great deal of attention in the field of bulk superconductors, because RE-123 (RE: Nd, Sm, Eu, Gd) materials fabricated with the OCMG process exhibit better flux pinning than YBa 2 Cu 3 O y (Y-123) up to high magnetic fields. [1] [2] [3] Flux pinning was further enhanced in newly developed ternary (Nd 0.33 Eu 0.33 Gd 0.33 )Ba 2 Cu 3 O y−␦ (NEG-123) superconductors and the critical current density (J c ) values recorded in these materials are attractive for high field applications at 77 K. [4] [5] [6] [7] However, a further enhancement of J c is still desirable for both better performance and safety margins.
It is well known that the introduction of effective pinning centers are essential for the achievement of high J c values in high-T c superconductors. In the Y-123 system, twin planes, oxygen defects, nonsuperconducting particles, dislocations, and stacking faults have been found to work as pinning centers. [8] [9] [10] [11] [12] [13] [14] The pinning provided by nonsuperconducting particles is mainly expected to be active at low fields and high temperatures (>77 K). However, our recent results demonstrated that NEG-211 addition to the NEG-123 matrix increases J c even at higher fields. 15 Furthermore, J c at low fields increases continuously with increasing NEG-211 content up to 40 mol%. Transmission electron microscopy (TEM) investigations with energy dispersive x-ray (EDX) for the NEG-123/ NEG-211 composite system revealed that extremely fine 211 particles with the average size less than 0.1 m were not NEG-211 but Gd-211. The size of these particles is approaching the value of the coherence length, which is believed to be the optimal size. 16 In melt-textured Y-Ba-Cu-O systems, the Y123/ Y211 interfaces are found to provide flux pinning, and thus an increase in their effective surface area is important for J c enhancement. Similar tendency has been observed in the OCMG-processed RE-123-RE-211 composites, although field-induced pinning is also active. To understand both the flux-pinning mechanism and the chemical processes involved in the crystallization, the nature of the interface between the 123 matrix and 211 phase is of primary interest for the NEG system.
In this work, we focused on high-resolution transmission electron microscopy (HRTEM) observation of the 123/211 interfaces in OCMG-processed NEG-123 with addition of 10-mol% NEG-211. Compositional analyses were also performed in the vicinity of the 211 secondary phase particles.
II. EXPERIMENTAL
NEG-123 powders were prepared with a normal sintering process, the details of which were described previously. 17 Commercial Nd-211, Eu-211, and Gd-211 powders with diameters less than 1 m were employed to prepare the initial NEG-211 particles. NEG-211 particles (10 mol%) in 1:1:1 NEG ratio were mixed with NEG-123 powders. Pt (0.5 mol%) and CeO 2 (1 mol%) were also added to the precursors with the aim of reducing the size of the 211-phase particles. 17, 18 The heattreatment profiles of the melt processes for (Nd, Eu, Gd)-Ba-Cu-O composites were scheduled on the basis of differential thermal analysis (DTA) results. For com-parison, we also used NEG-123 sample containing 40 mol% NEG-211 and 0.5 mol% Pt. The details of the sample preparation are described elsewhere. 5 For oxygen annealing, small specimens with dimensions of a × b × c ‫ס‬ 1.5 × 1.5 × 0.4 mm 3 were cut from the as-grown pellets. The samples were heated in flowing O 2 gas up to 600°C at the rate of 300°C/h, held for 1 h at this temperature, cooled down to 500°C at the rate of 8°C/h, then to 400°C at 4°C/h, and finally to 300°C at 2°C/h. The annealing process then continued at 300°C for 150 h, and finally the furnace was cooled to room temperature.
Microstructural features and chemical composition of the samples were studied with a JEOL JXA-8900M WDX/EDX compound microanalyzer. The fine structure was observed with an H9000UHR transmission electron microscope operating at 400 kV. The samples for HR-TEM observation were prepared by breaking bulk sample to pieces with dimensions of 2 mm 2 × 1 mm thick. After mechanical thinning to about 50 m, the samples were dimpled and polished mechanically down to 20 m at the center of the fragments. Final polishing for electron transparency was performed with Ar ion milling. All the TEM observations in this work were performed with the incident electron beam parallel to the [001] direction (perpendicular to the sample surface).
III. RESULTS AND DISCUSSION
A. Microstructure and local compositional analyses Figure 1 presents a TEM image of the NEG sample containing 10-mol% NEG-211 with addition of 0.5-mol% Pt and 1-mol% CeO 2 . There are two types of the 211 secondary-phase particles: one with diameter larger than 1 m and the others in submicron dimensions. A similar microstructure was observed in NEG sample containing 40 mol% of NEG-211 secondary phase refined with an addition 0.5 mol% of Pt. 4 The results of compositional analyses through EDX for the sample with 10-mol% NEG-211 are summarized in Table I . The 123 matrix had a relatively uniform composition with chemical ratio of Nd:Eu:Gd close to 1:1:1, in that the content of Eu and Gd in the 123 matrix was slightly deficient with respect to Nd. The large 211 particles contained Nd, Eu, and Gd, whereas small particles were mainly composed of Eu-211 or Gd-211. We believe that the submicron Eu-211 and Gd-211 particles are formed by consuming Eu and Gd atoms in the 123 matrix because content was slightly low in the matrix.
In our previous investigation we could detect extremely fine Gd-211 particles in the NEG-123 sample with 40-mol% NEG-211 secondary phase. 6 Because we could detect fine Eu-211 particles in the present sample, we performed more detailed chemical analysis for the sample with 40 mol% of NEG-211, and confirmed the presence of submicron Eu-211 particles in addition to Gd-211, although the density was low. The results are presented in Fig. 2 and Table II . It is interesting to note that such small particles always contained only one element on the rare-earth site, and no traces of other elements were found. This tendency may reflect the instability of a 211 phase with two or three rare-earth elements, because the structure is disordered on a small scale.
To study the chemical compositions of the secondaryphase particles and their interface, we made microchemical analyses. We analyzed the submicron Gd-211, Eu-211, and NEG-211 particles and their vicinity in the NEG-123 matrix. The results are summarized in Table III . Fig. 2(a) as a1 to a5 were analyzed (Table III) . The analyzed points a1 to a3 were on the submicron Eu-211 particle, located at the center and the boundary region, respectively. The a4 and a5 were in the 123 matrix. The chemical ratio of Nd:Eu:Gd was found close to be 1:1:1. It is evident that the Eu content slightly decreased from the center to the interface (a1 to a3).
The chemical composition near the Gd-211/NEG-123 interface was also studied at five positions marked in Fig. 2(a) as b1 to b5 (Table III) . The position b3 represents the boundary between the Gd-211 and 123 matrix. In the center of secondary phase we observed only Gd in the rare-earth site. Gd content decreased toward the interface (b3), as in the case of the Eu-211 particle. However, the matrix chemical ratio of Nd, Eu, and Gd was exactly 1:1:1 at b5 position.
The NEG-211/NEG-123 interface was investigated in the same manner as the previous two. Five test points are marked in Fig. 2 (a) as c1 to c5 (Table III) . It is evident that the NEG-123 matrix is uniform with Nd:Eu:Gd ratio close to 1:1:1, and the secondary-phase 211 inclusions contain Nd, Eu, and Gd with an even ratio, which is identical to the nominal composition of the precursor powder.
Based on local-area chemical compositional analyses one can conclude that the chemical ratio of the secondary phase slightly varies from the center to the surface in the case of Gd-211 or Eu-211 particles. In the NEG-211 particles the chemical ratio is close to 1:1:1. The analysis also proves that the interface is clean and without impurity phases.
B. Crystallographic defects in the NEG-123 matrix (123/211 interfaces)
Inspection of the high-resolution images of the interface between the NEG-211 particle and the NEG-123 matrix in Fig. 3 shows that there is no disordered phase localized in the boundary region. Figure 4 is a highmagnification HRTEM image of the middle part of Fig. 3 . It is clear that the 123/211 interface is clean and without any impurity phases. These image analyses demonstrate that the crystal structure of the 123 matrix is not distorted even at the interface. TEM observations presented in this work provide direct evidence that the crystal structure of the NEG-123 matrix is not distorted even in the vicinity of the interface and the dislocation density is low even around the interface. Because the interface 211/123 is very sharp, the order parameter varies over the distance of the coherence length at the interface, leading to large flux-pinning force. 8 Murakami et al. 19, 20 reported on this effect in the case of melt-powder-melt-growth (MPMG)-processed Y-123, and they concluded that the sharpness of the 211/ 123 interface is critical for flux-pinning enhancement. A similar effect has also been reported in the case of Nd-Ba-Cu-O.
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C. Magnetic characterization Figure 7 (a) shows the field dependence of the critical current density of NEG sample with 10-mol% NEG-211 measured at T ‫ס‬ 75, 77, and 79 K, with magnetic field applied parallel to the c axis of the sample. For the given, rather low concentration of the secondary-phase particles, the self-field critical current density is lower than the second peak value, J c , peak. The enhancement of the second peak is quite common in the samples processed under partial oxygen pressure. 21 From the figure it is clear that J c achieves values 68 and 87 kA cm −2 at 3 T, 77 and 75 K, respectively. On the other hand, the rather high content of secondary phase in the sample with 40 mol% of NEG-211 [ Fig. 7(b) ] led to enhancement of the zero-field J c that is here higher than that of the second peak. The appropriate combination of the relevant pinning mechanisms results in almost constant critical current density between 0.5 and 2.5 T at 77 K. The submicron normal inclusions are evidently very effective in improvement of J c at low and intermediate fields, which is important for large-scale applications of bulk high-T c superconductors.
IV. CONCLUSION
We performed high-resolution transmission electron microscopic observations to investigate the microstructure in the vicinity of the 123/211 interfaces in the OCMG-processed (Nd, Eu, Gd)-Ba-Cu-O superconductor. We found that the crystallographic structure of the 123 matrix is nearly perfect close to the interface. In addition, the 211/123 interfaces were very sharp, which supports the idea that these interfaces can effectively pin vortices. This, in turn, corresponds to the enhancement of the critical current densities at low fields where a good correlation between J c values and the concentration of the 211 particles has been found. TEM-EDX analysis revealed that the submicron 211 particles are mainly composed of Eu-211 and Gd-211. 
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